The ftsH gene encodes an ATP-and Zn P -dependent metalloprotease with a molecular mass of about 70 kDa. It was first identified in Escherichia coli where it is also designated hflB, tolZ or mrsC, and seems to be present in most if not all bacteria. The FtsH protein is anchored to the cytoplasmic membrane via two transmembrane regions in such a way that the very short amino-and the long carboxy-termini are exposed into the cytoplasm. FtsH is member of the AAA family (ATPases associated with a variety of cellular activities) which are characterized by a module of about 200 amino acid residues in length containing an ATP-binding site. In Escherichia coli, FtsH forms a complex with a pair of periplasmically exposed membrane proteins, HflK and HflC. The E. coli enzyme is required for proteolytic degradation of some unstable proteins that include both soluble regulatory proteins such as c QP (heat-shock sigma factor) and phage V CII (transcriptional activator), and membrane proteins including uncomplexed forms of SecY (forms the translocon together with SecE and SecG) and the a subunit of the F H complex of the H -ATPase. Its activity can be modulated by the HflKC proteins, by another membrane protein designated YccA which can transiently associate with both the FtsH and the HflKC proteins, or by small peptides such as CIII encoded by phage V (involved in lysogenization) or SpoVM (needed for sporulation) encoded by Bacillus subtilis. Besides being a protease, there is circumstantial evidence that FtsH also acts as a molecular chaperone. It influences protein assembly in and through the cytoplasmic membrane and associates with denatured alkaline phosphatase without degrading it. Therefore, FtsH may serve to maintain quality control of some cytoplasmic and membrane proteins. Such ATP-dependent proteases with intrinsic chaperone activity have been designated charonins. z
Introduction
Proteins within living cells are subject to various forms of damage that can render them non-functional. We distinguish two general types of protein damage, namely conformational damage and covalent damage. Conformational damage results in the alteration of the three-dimensional structure of the protein and can be reversed through the action of molecular chaperones [1] . Covalent damage, in which the primary structure of the protein is modi¢ed by covalent bond breakage and formation, can be repaired by speci¢c enzymes [2] . Conformational changes and covalent chemical alterations occur spontaneously, and the rates of these reactions can be increased by environmental stress such as heat shock, pH extremes, oxidative stress or the presence of noxious chemicals [3] . Although damaged proteins can be replaced by de novo biosynthesis, cells have developed three major mechanisms which can either restore damaged polypeptides to their active state or remove them: (i) molecular chaperones assist in refolding of denatured proteins; (ii) by enzymatic repair, certain forms of protein damage can be reversed, including proline isomerization, methionine oxidation and the formation of aspartyl residues; (iii) those proteins which cannot be repaired or refolded will be degraded by proteolytic systems.
Molecular chaperones and proteases act together to maintain the quality control of proteins within living cells. Both types of enzymes recognize misfolded and partially folded proteins that arise from slow rates of folding, thermal or chemical stress, intrinsic structural instability or biosynthetic errors. Classical chaperones such as the DnaK and GroE chaperone machines modulate protein folding pathways thereby preventing misfolding and aggregation [1] . In contrast, ATP-dependent proteases inheriting intrinsic chaperone activity use this activity to unfold their substrate proteins and to present them to their proteolytic activity. For proteins with protease-associated chaperone activity the expression charonin has been coined [4] . Both activities can either reside on two di¡erent polypeptide chains or on a single one. The two-component Clp (caseinolytic proteases) proteases composed of an invariable proteolytic component (ClpP) and one of two ATPase components with intrinsic chaperone activity (ClpA and ClpX) are an example where the two activities are localized on two di¡erent polypeptide chains. In contrast, Lon proteases can be designated single-chain charonins since both activities reside within a single polypeptide chain. A second example of a single-chain charonin seems to be the family of AAA (ATPases associated with a variety of cellular activities) proteases such as FtsH (filamentation temperature-sensitive). This review concentrates on our current understanding of the ATP-and Zn P -dependent FtsH zinc-metalloproteinase which was ¢rst detected in Escherichia coli but which seems to be widespread in prokaryotes and also in eukaryotes where it is associated with mitochondria and chloroplasts.
Discovery and occurrence of ftsH
The ftsH gene was detected in E. coli independently by four di¡erent groups when screening for di¡erent phenotypes and thereby given four di¡erent designations. The ¢rst description occurred in 1974 by Belford and Wul¡ who were interested in E. coli genes in£uencing the decision lysis versus lysogeny after infection with bacteriophage V. The intracellular concentration of the V CII protein, a transcriptional activator and key regulator of lysogenization, is controlled at the level of both transcription and protein stability. Stabilization of CII occurs in cells with a mutation in either the h£A or h£B locus, where h£ stands for high frequency of lysogenization [5] . While the h£B locus is monocistronic and the H£B protein is able to degrade CII, the h£A locus [6] is tricistronic and includes the two h£ genes h£C and h£K modulating the activity of h£B (see below) as well as h£X of unknown function [7] .
Santos and Almeida were interested in genes involved in cell division. After chemical mutagenesis, they screened for temperature-sensitive mutants and analyzed their morphology under the light microscope by looking for mutants forming ¢laments during growth at the restrictive temperature. They ended up with one mutation, designated the gene ftsH and the mutation ftsH1 [8] . Later, it turned out that the original mutant strain harbored two temperaturesensitive mutations, one in ftsH and the other in a gene called ftsI which encodes the penicillin-binding protein 3 (PBP3), and only the latter mutation is responsible for thermosensitive ¢lamentation [9] .
A third group isolated E. coli mutants exhibiting tolerance against colicins. Colicins are protein antibiotics encoded by plasmids; upon synthesis, they are secreted and may be taken up by E. coli cells or cells of closely related species. Uptake involves a two-step process, ¢rst binding to a receptor protein in the outer membrane followed by interaction with another protein present in the periplasm. If the second step cannot occur due to a mutation within the gene encoding the periplasmic protein, a colicin-tolerant phenotype will result. One of these colicin-tolerant mutants received the designation tolZ [10] .
Very recently, the group of S. Kushner when trying to identify new genes involved in the degradation of bulk mRNA mapped a point mutation in a gene they called mrsC (mRNA stability) [11] . Cloning and sequencing of mrsC revealed that it is identical to ftsH [12] . Now, four di¡erent designations exist for the same gene in E. coli: ftsH, h£B, tolZ and mrsC. Since most groups use the designation`ftsH', it will be used exclusively throughout this review.
In Bacillus subtilis, the ftsH gene has been described independently by three di¡erent groups. First, it was detected as an insertion mutant unable to grow under hyperosmotic conditions [13] . When the group of S. Cutting searched for extragenic suppressors able to suppress a spoVM: :Tn917 mutation for sporulation (the essential spoVM gene is expressed late during sporulation), they mapped them in ftsH [14] . The group of P. Zuber, screening insertion mutants unable to grow under anaerobic conditions, also ended up with mutations within ftsH [15] . In contrast, ftsH of E. coli is not required under anaerobic growth [16] .
The ftsH gene of Lactococcus lactis was isolated fortuitously during cloning and sequencing of the hpt gene encoding hypoxanthine guanine phosphoribosyl-transferase [17] . In an attempt to get access to the general processes of membrane translocation and protein secretion, the ftsH gene of Helicobacter pylori was cloned and sequenced [18] . Total genome sequencing revealed that ftsH is also present in Haemophilus in£uenzae (database accession number L42023), Mycoplasma genitalium (L43967), M. pneumoniae (U00089), Synechocystis (J05708; this species contains four copies of ftsH!), Borrelia burgdorferi (AE00783) and Aquifex aeolicus (AE000657), one of the earliest diverging bacterial species known. We can conclude from this wide distribution of the ftsH gene among bacteria that it must ful¢ll important functions.
Identi¢ed motifs and domains within the E. coli
FtsH protein
Several amino acid motifs and domains have been identi¢ed within the FtsH protein of E. coli (Fig. 1) . Two membrane-spanning regions are located close to the N-terminus which anchor the 70.7-kDa protein into the cytoplasmic membrane in such a way that a very short part of the N-terminus (three amino acid residues) and a long part of the C-terminus are exposed into the cytoplasm; a 71 amino acid residues long loop stretches into the periplasm [19] . The two membrane-spanning regions are followed by an ATP-binding consensus sequence (Walker A and B motifs) [20^22] , and binding of ATP induces a conformational change in the FtsH protein [23] . Further downstream a region is located designated SRH (second region of homology) which is present in a large group of AAA proteins occurring in all three kingdoms, but its function has so far remained elusive. The ATP-binding site and the SRH are part of an about 200 amino acid region designated the AAA module, which is characteristic of all members of the AAA family (see Fig. 1 ) [24] . Near the C-terminus, a zinc-binding motif is located, HEAGH, similar to the active site of zinc-metalloproteases (HEXXH, where X indicates non-conserved amino acid residues). All these motifs and domains have been veri¢ed by the isolation of mutations within these domains and their biological and/or biochemical characterization. The organization of the FtsH proteins from other bacterial species is comparable to that of E. coli.
Genomic organization of ftsH genes
In E. coli, ftsH is the second gene of a bicistronic operon where the ¢rst gene, ftsJ, a¡ects cell division [25] . Both genes are preceded by two potential promoters, one recognized by the vegetative sigma factor c UH and the other by the heat-shock sigma factor c QP ; both genes are heat-inducible [26] . Recently, a third c UH -type promoter was mapped immediately upstream of ftsH [12] . In B. subtilis, ftsH forms a monocistronic operon, is preceded by a vegetative promoter and is inducible by heat and hyperosmotic shock [27] . In Lactococcus lactis, ftsH was identi¢ed adjacent to the hpt gene [17] , and the amount of FtsH protein is enhanced after a heat shock [28] .
The genomic organization of ftsH in Helicobacter is more complicated. In H. pylori, ftsH is part of a stress-responsive operon composed of seven genes involved in chemotaxis, heat-shock response, iron transport and posttranslational protein modi¢cation [29] . The whole operon is under the control of a single promoter and is induced by addition of copper to the medium and by thermal upshift. Sequencing of the same region from the chromosome of H. felis revealed a comparable genomic organization [30] .
These data indicate that while ftsH is a heat-shock gene in all bacterial species tested so far its location with respect to adjacent genes is not conserved in di¡erent genera; furthermore, ftsH can be part of either a monocistronic, a bicistronic or a polycistronic operon. Another interesting observation is that ftsH is essential in E. coli, in L. lactis and in H. pylori, but is dispensable in B. subtilis [17, 18, 21, 31] .
In E. coli, FtsH forms a complex with membrane proteins
Experiments aimed to clarify the quaternary structure of FtsH revealed that it exists as a large complex within the cytoplasmic membrane. Co-immunoprecipitation and cross-linking experiments using wildtype, Myc epitope-and His T -tagged FtsH synthesized in the same cells revealed that at least three FtsH molecules interact with each other, and that FtsH-FtsH association required the N-terminal membrane-spanning regions [20] . In another set of experiments, it could be shown that FtsH formed a complex with two other membrane proteins, H£K (45.5 kDa) and H£C (37.6 kDa) (see above), and that a fourth membrane protein, YccA, could transiently associate with both FtsH and H£KC [32, 33] . The large C-terminal part of the HlfKC proteins resides on the periplasmic side of the cytoplasmic membrane, and most probably H£KC and FtsH interact via their periplasmic domains. The authors suggest that when the FtsH-HlfKC complex recognizes a proper substrate, HlfKC dissociates from FtsH to activate its proteolytic function (see below). The whole complex of FtsH (only one copy shown) together with its cohorts is presented diagrammatically in Fig. 2 , which also includes identi¢ed substrate proteins of the FtsH protease activity to be -hatched boxes) ; SRH, second region of homology (dotted box); Zn P , Zn P -binding domain (black box). Below the polypeptide structure, the region of the AAA module is indicated. This module with a length of about 200 amino acid residues is found in a large number of proteins in all three kingdoms and belongs to the Walker superfamily of A/GTPases. Besides their ATPase activity, nothing is known about the molecular function of the AAA motif.
described in detail below. Quite recently, Shotland and coworkers found that puri¢ed FtsH revealed ring-shaped structures when examined by electron microscopy [34] .
No data are available so far on whether FtsH forms a complex with itself and/or membrane proteins in bacterial species di¡erent from E. coli. At least in B. subtilis, the genes h£K and h£C are not present while it might encode a YccA homologue (YetJ: 29% identical amino acids and 45% similarity) [35] . Therefore, it will be important to clarify the complex formation of FtsH in other bacteria. Furthermore, it will be of interest to ¢nd out whether FtsH is homogeneously distributed within the inner membrane or whether it can be identi¢ed at a limited number of locations. To answer this question the Cterminus of FtsH will be fused to the green £uores-cent protein tag, and the hybrid protein will be visualized by £uorescence microscopy.
The FtsH protein is an ATP-and Zn
2+ -dependent protease involved in the degradation of cytosolic regulatory proteins and proteins with short nonpolar carboxy termini Analysis of the domain structure of FtsH suggested that it might act as an ATP-and Zn P -dependent metalloprotease. A ¢rst hint along that line was obtained by measuring the lysogenization frequency of phage V in an ftsH1 mutant strain of E. coli (as already mentioned, the ftsH1 allele encodes a temperature-sensitive FtsH protein which loses its activity when cells are incubated at 42³C). It turned out that the ftsH1 allele increased the lysogenization frequency at 42³C, most probably due to its reduced proteolytic activity. It was assumed that the highly unstable transcriptional activator protein CII acts as a target of FtsH [36] . This hypothesis could be strengthened by studying the halflife of CII in vivo. When a strain carrying the ftsH1 allele was shifted from 30 to 42³C, the half-life of CII increased from about 2 to 30 min [34] .
Hints [26] ; this sigma factor is involved in turning on some 35 heat-shock genes after thermal upshift, among them ftsH. Direct biochemical evidence for the protease activity of FtsH was ¢rst provided by puri¢cation of FtsH and its incubation with puri¢ed c QP . Here, it could be shown that FtsH degrades the heat-shock sigma factor, and its degradation was strictly dependent on ATP hydrolysis and stimulated by Zn P [37] . Later, two reports provided evidence that puri¢ed FtsH degraded CII protein in an ATP hydrolysis-dependent manner [34, 38] .
Using unstable derivatives of the phage V repressor protein CI, it could be shown that these proteins with short nonpolar carboxy termini are stabilized in E. coli cells in the absence of active FtsH [39] . One of these derivatives with an 11-amino-acid nonpolar destabilizing tail was degraded by puri¢ed FtsH in an energy-dependent reaction; the latter protein was also degraded by the ClpAP or ClpXP proteases demonstrating overlapping substrate speci¢city.
Besides CII, another phage V encoded protein designated CIII plays an important role to establish lysogeny. This protein is composed of 54 amino acid residues and contains a 22 amino acid residues long amphipathic helix, the so-called K-peptide. Since CIII stabilizes both CII and c QP in vivo, it has been speculated that CIII somehow modulates the proteolytic activity of FtsH either (i) by acting as an alternative substrate and thereby competing for the active site of FtsH or (ii) by inhibiting the ATPase activity of FtsH or (iii) by directly interacting with the substrates thereby preventing their degradation [40] . Discrimination between these alternatives should be possible by appropriate in vitro experiments. It is tempting to speculate whether a CIIIanalogous protein is also encoded by E. coli and able to inhibit the proteolytic activity of FtsH in a way similar to what has been described for the CIII protein.
Such a bacterial DNA-encoded small polypeptide able to inhibit FtsH has been identi¢ed in B. subtilis. Here, the spoVM gene encodes a 26 amino acid residues long peptide which is absolutely required for sporulation. A spoVM mutant where a transposon Tn917 insertion had occurred within the gene led to an arrest of sporulation at stage IV^V [41] . Since extragenic suppressor mutations restoring the ability to form spores were mapped within ftsH, it was concluded that the two proteins, FtsH and SpoVM, interact directly [42] . This notion was con¢rmed by in vitro experiments where synthetic SpoVM protein strongly inhibited degradation of c QP by FtsH, whereas mutated SpoVM turned out to be inactive [42] .
7. FtsH may be part of a quality control system to avoid potentially harmful accumulation of free subunits of membrane-embedded protein complexes
In an attempt to identify cellular factors that assist in membrane protein biogenesis, the group of K. Ito used a SecY-PhoA fusion protein in which alkaline phosphatase mature sequence (PhoA) is attached to the last cytoplasmic domain of SecY (SecY is an integral inner membrane protein and together with SecE and SecG forms the translocon through which extracytoplasmic proteins are secreted). Cells expressing the fusion protein exhibit a PhoA-negative phenotype due to the localization of the alkaline phosphatase part within the cytoplasm. Then, they screened for a PhoA-positive phenotype caused by translocation of the alkaline phosphatase into the periplasm and mapped a mutation within ftsH (ftsH101); this phenotype was called Std (stop transfer defective) [43] . These results provided the ¢rst hint that FtsH also inherits an intrinsic chaperone activity which is somehow involved in protein assembly into and through the membrane.
Con¢rmation of this hypothesis was obtained later, when the fate of overproduced SecY protein was investigated. If SecY was overproduced, it was degraded in an E. coli ftsH wild-type strain, but stabilized in the ftsH1 and ftsH101 mutants. Mutants stably over-synthesizing wild-type SecY mapped mostly in or upstream of ftsH (insertion of IS elements), thereby lowering the activity or amount of FtsH protein [44] . On the other hand, accumulation of free, uncomplexed SecY caused a growth disadvantage and suboptimal protein export e¤ciency. Thus, elimination of excess SecY molecules is important for an optimal protein export machinery. A similar observation was made when subunit a of the membrane-embedded F H complex of the H -ATPase (which consists of one subunit a, two subunits b, and 10 subunits c) was overproduced [45] . While excess subunit a was unstable in a wild-type strain, it was stabilized in certain ftsH mutants. Furthermore, selective and ATP-dependent degradation of subunit a by puri¢ed FtsH protein was shown. Here again, FtsH helped to avoid the potentially harmful accumulation of free subunits a in the cytoplasmic membrane.
As already mentioned, the FtsH protein forms a complex with H£KC, and YccA can transiently associate with both FtsH and H£KC [32, 33] . What could be the biological functions of these proteins? Will they modulate the protease and/or the potential chaperone activity of FtsH? Since the h£KC genes have been discovered as mutations increasing the lysogenization frequency of phage V and designated h£A locus [5] , they either encode another protease or modulate the protease activity of FtsH. While puri¢ed H£KC was unable to degrade CII, preincubation of FtsH with H£KC abolished its degradation [38] . These data clearly argue against a proteolytic activity of H£KC and instead strengthen the idea that these two proteins act as negative modulators of the proteolytic activity of FtsH.
The yccA gene has been identi¢ed by a mutation (yccA11) leading to the stabilization of a temperature-sensitive SecY protein at 42³C [33] . In addition, overproduced and unassembled SecY and F H a proteins were stabilized in the YccA11 mutant cells, while degradation of the cytosolic substrates of FtsH remained una¡ected. Furthermore, YccA protein itself turned out to be degraded and thereby served as a FtsH substrate [33] .
Taking all these results together, there seem to be at least two classes of modulators of the proteolytic activity of the E. coli FtsH: (i) the H£KC and the YccA proteins, which are part of the FtsH complex and act in situ; (ii) small peptides encoded by the bacterial chromosome or by phage genomes and synthesized only under appropriate conditions.
ftsH mutants exhibit a variety of di¡erent phenotypes
Besides the phenotypes already described, various ftsH mutants exhibit additional phenotypes which are only partially understood. In strains carrying the ftsH1 allele the posttranslational processing of PBP3 at its C-terminal part is signi¢cantly retarded suggesting that either FtsH itself or a protease controlled by FtsH is involved in this processing reaction [21] . Depletion of E. coli cells of FtsH resulted in signi¢cant export defects of the periplasmic enzyme L-lactamase and the outer membrane protein OmpA [43] , suggesting that FtsH is involved in the translocation of some exported proteins; its role in this process is completely unclear. It could act as a molecular chaperone by keeping these proteins in a translocation-competent state on their way through the inner membrane. This view was corroborated by the ¢nding that overproduction of GroE proteins alleviated the export defect caused by FtsH depletion [46] . Some ftsH mutants of E. coli such as tolZ21 can grow on glucose, but not on succinate or nonfermentable carbon sources [47] . In the tolZ21 allele, the mutation resides in the Zn P -binding domain and most probably causes loss of the zinc atom and thus might result in the loss of the protease function. Certain mutations within E. coli ftsH increase the decay rate of bulk mRNA as well as the chemical decay of some speci¢c mRNAs [11] . Here, the authors hypothesized that FtsH either acts itself as an RNase or as a subunit of an RNA-processing complex or is involved in activation of an RNase or one or more subunits of a mRNA processing complex by proteolysis.
In [31] . It grows largely as ¢laments (here, the designation ftsH is justi¢ed), tends to lyse after having entered stationary phase, is unable to sporulate and to synthesize subtilisin (an alkaline protease), development of natural competence is greatly reduced, and the secretion of exoproteins is largely diminished. Lysenko and coworkers [14] could show that in another ftsH mutant the pattern of PBPs is altered which might explain the ¢lamentation phenotype. Most of these phenotypes can be related to the failure to produce active Spo0A, a key transcriptional regulator protein [31] . Spo0A is member of the response regulator family of two-component regulatory systems. At least three Fig. 3 . Possible roles of the FtsH protein in B. subtilis. The FtsH protein in£uences either directly or indirectly the synthesis and/or phosphorylation of Spo0A, the master regulator for initiation of sporulation, and might also in£uence osmoregulation either independently of Spo0A^P or via this phosphorylated regulator protein. Spo0A^P activates osmoregulation and sporulation (indicated by arrows) and represses expression of abrB which in turn prevents expression of competence and aprE encoding an alkaline protease (T bars).
histidine kinases can transfer phosphate to Spo0F, which is then transmitted to Spo0B and ¢nally to Spo0A (this phosphate transfer cascade is known as the phosphorelay). In addition, the phosphorylation state of Spo0A^P is modulated by speci¢c phosphatases [48] . Spo0A^P binds to DNA and can either repress or activate transcription of various genes and thereby initiate sporulation.
These data suggest that B. subtilis FtsH interferes indirectly either with the synthesis or/and the phosphorylation of Spo0A, but the underlying molecular mechanism is still unknown. The absence of Spo0A and thereby its phosphorylated form will negatively in£uence sporulation and osmoregulation, and positively in£uence expression of abrB as shown schematically in Fig. 3 . The abrB gene encodes a repressor protein which negatively regulates several genes, e.g., expression of aprE (encoding subtilisin) and development of competence. Here, FtsH might be responsible for the degradation of a negative regulator preventing initiation of sporulation.
Conclusions and perspectives
FtsH is unique among the ATP-dependent proteases in that it is anchored to the cytoplasmic membrane by two N-terminally located membrane-spanning segments. Its cytoplasmic domain contains a sequence of about 200 amino acid residues with homology to the AAA family members [24] . C-terminal to the AAA domain, a zinc metalloprotease active site motif is located [37] , which is important for proteolytic activity [22] . The FtsH protease, also called AAA protease, is involved in the selective degradation of the SecY subunit of the protein translocon and subunit a of the F H sector of the proton ATPase [44, 45] . These two multispanning membrane proteins are removed rapidly when they fail to associate with the other subunits of the respective complexes. Otherwise, these`orphan' subunits might compromise the export of essential proteins leading to growth cessation and even cell death. In addition, FtsH catalyzes the degradation of at least two soluble regulator proteins, the heat-shock sigma factor c QP and the phage V-encoded transcriptional activator CII [26,34,36^38] . The protease activity can be modulated by two di¡erent membrane proteins, the H£KC complex and the YccA protein [32, 33, 38] . While uncomplexed SecY and F H a are stabilized in the absence of functional YccA, degradation of the cytosolic substrates of FtsH is una¡ected [33] suggesting the existence of at least two pathways for FtsH-dependent protein degradation.
Besides catalyzing degradation of proteins, FtsH might act as a molecular chaperone. This property is strongly suggested by two di¡erent observations: (i) some mutations within ftsH result in a stop transfer phenotype of hybrid proteins such as SecY-PhoA [43] ; (ii) FtsH can interact with denatured alkaline phosphatase [23] . Thus, FtsH has the ability to bind to denatured proteins, and this binding does not necessarily lead to proteolysis of the bound protein, a characteristic feature shared by molecular chaperones. While some molecular chaperones such as the DnaK and GroE machines are involved in folding of denatured proteins [1] , others such as the small heatshock proteins bind unfolded proteins but are not involved in their folding [49] . Therefore, it is an open question whether FtsH is actively involved in folding of non-native proteins, or whether it just binds these proteins and then presents them either to its own protease activity or to other chaperones involved in their refolding. By these criteria, FtsH can be assigned a charonin.
Important questions to be answered in the near future for FtsH are the following. (i) How are substrate proteins recognized by FtsH for proteolysis? (ii) How is the protease activity of E. coli FtsH modulated by HlfKC and YccA at the molecular level? (iii) Is the ATPase activity also subject to modulation by one or more proteins? (iv) Does FtsH need interaction with other molecular chaperones or proteases to degrade some substrate proteins? (v) Does FtsH act as a member of the protein quality control network?
FtsH recognizes at least three classes of substrate proteins indicating that there are di¡erent proteolytic pathways. While degradation of c QP requires both the DnaK chaperone machine and ATP hydrolysis under in vivo conditions, the DnaK system is dispensable under in vitro conditions. In contrast, proteolysis of V CII is only dependent on ATP hydrolysis, and that of V CIII occurs even in the absence of both components. These data seem to indicate that these three proteins exhibit di¡erent conformational stabil-ities within the cell. While c QP cannot be directly attacked by FtsH and has ¢rst to interact with the DnaK system which might be responsible for partial unfolding, CII can be unfolded by the presumed intrinsic chaperone activity of FtsH, and CIII might already be present partially unfolded and can thereby directly attacked by the protease activity. This result also suggests that proteolysis does not need ATP hydrolysis.
Interaction between FtsH and other proteases is suggested by the following observations. The halflife of V Xis protein (needed for excision of the V prophage DNA from the host chromosome) has been determined to be about 4 min in E. coli wildtype cells, 10^12 min in a lon mutant and 24 min in a lon ftsH1 double mutant [50] . These results suggest that FtsH is indeed a member of the protein quality control network. Modulation of the protease activity by V CIII and by the HlfKC complex in vivo and by B. subtilis SpoVM in vitro has been documented. Are there other modulator proteins involved that are yet to be identi¢ed? Is there a functional CIII homolog encoded by the E. coli chromosome? A polypeptide functionally equivalent to CIII exists in B. subtilis where the SpoVM synthesized late during sporulation seems to inhibit the protease activity of FtsH (the reason for this inhibition is unknown).
What is the biological function of the 71 amino acid residues of FtsH which are exposed into the periplasm? Do they serve as a sensor? If so, what kind of factor do they interact with? Or are these amino acid residues only involved in interaction with other proteins being part of the FtsH complex? What do these complexes look like in other bacteria? At least the h£KC genes are not present in B. subtilis. In E. coli, the FtsH complex contains at least three copies of FtsH. Why are several copies of FtsH needed? Is it necessary that each copy retains both an active ATPase and a protease domain?
